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LHC Injectors Upgrade (LIU) project

LHC produces particle collisions for high-energy experiments

LHC plans to increase collision rate.

LHC
/
Upgrade machine A’ Enhance incoming beams ]

LIU project (2019-2021)

HL-LHC project (2026-2028)

LHC requires brighter beams:
More particles (i.e. higher beam intensity)

1)
2) Denser particles (i.e. smaller beam emittance)
(not in scale)
Injectors could not satisfy LHC requirements - major

upgrades within LIU project.

-
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Injectors limitations

LIU upgrades essential: injectors operated in

their brightness limit.

+q

* Low energy accelerators (PSB, PS) mostly limited by

space charge effects.

Space charge refers to the Coulomb
interaction of charged particles.
* More particles/area = stronger space charge.

Space charge reduces at higher energies -
energy upgrades for PSB & PS to double
brightness for same space charge.
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PSB upgrades

PSB: small, circular, p* accelerator with 4 identical rings.

PSB energy upgrade achieved by:

* Replacement of Linac2 (50 MeV) by Linac4 (160 MeV).
* Magnets power supply and extraction upgrade (1.4 GeV to 2 GeV).

Linac4 accelerates H™: new charge-exchange injection for PSB (H~ — p™).

First time injection of Linac4 H™ in entirely upgraded PSB:

New effects to study, new challenges to overcome: need of optimizations! ]
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H ™~ injection

Charge-exchange injection system: |

« H~ - p* by crossing thin foil.

£35: :
 Local magnets put p* in orbit around PSB. %
o | =
* Design of local orbit bump allows multi-turn = ; 8
injection: more and denser particles! E H
* Local bump dynamically decays to zero after 184 '0 336 1032 1296 1560 22:59 2654
injection. Drift Space [mm]

First fundamental task: preserving beam properties (intensity and emittance)
during H™ injection.
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Preserving beam properties

[ Beam properties ]

Statistical properties of incoming
ensemble of particles
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Preserving beam properties

{ Machine properties ]

[ Beam properties ]
Magnets configuration (known
also as machine optics)

Statistical properties of incoming
ensemble of particles

Shape and
§ orienatation of ]
3 phase space lines ]
1} 1 i
=) =)
© ©
£ 0 £ 0 i
> >
Q Q
—1! -1 _
-2 —2 /At
-10 -5 0 5 10
y [mm]

tirsi.prebibaj@cern.ch

BE Seminar 07/07/23



Preserving beam properties

Matched
{ Machine properties ]

Magnets configuration (known

{ Beam properties ]
also as machine optics)

Statistical properties of incoming
ensemble of particles

py [mrad]
o

y [mm]

—10 -5 0
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Preserving beam properties

Matched

{ Beam properties ] { Machine properties ]
Statistical properties of incoming Magnets configuration (known
ensemble of particles also as machine optics)

— Beam particle trajectories
=== Oscillation amplitude (depends on machine optics)

y (mm)

s-position around PSB (m)

Particles perform transverse oscillations (betatron oscillations) as they circulate accelerator.
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Betatron oscillations

During betatron oscillations, number (intensity) and density (emittance) of particles
is preserved.

=== Single particle trajectory
=== (Oscillation amplitude (depends on machine optics)

s-position around PSB (m)

Betatron tune: number of oscillations per turn (here Q, = 4.45).
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Injection perturbations

Injection bump induces fields errors - perturbs machine properties.

Mismatch

Larger oscillations

' | — Beam particle trajectories
| | mmm  Perturbed oscillation amplitude

s-position around PSB (m)

Perturbation increases oscillation amplitude—> emittance growth and losses.

During bump decay, perturbations dynamically change!
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[-beating

Oscillation amplitude « \/E
f-function defined by machine optics

40+ | | : ' ' '
— Unperturbed machine optics
E — Perturbed machine optics
c
2
= 20}
-
=
-
= k A J ‘ k }x
v v}

% 20 100 140
S- pDSItIDn arnund PSB (m)

pB-beating = % x 100 (%)
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Method of measurement & correction

Devise method from
theoretical
understanding.

¥

Modify PSB properties to
dynamically compensate
f-beating.

Calculation of
dynamic f-beating
correction
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Method of measurement & correction

(N

N
Devise method from
theoretical
understanding.
J

Modify PSB properties to
dynamically compensate
f-beating.

BE Seminar 07/07/23

Simulation model to
validate and test method.

|

J

Computationally reproduce
realistic machine
conditions.
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Apply in accelerator and
see experimental effects.
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Operational
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Experimental results

Before correction After correction
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Fast and dynamic [5-beating correction from > 30% to < 3%. ]
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Experimental results

Strength of perturbation strongly depends on betatron tunes Q,, ¢, .

50
o EEE without B-beating correction / 600
:' B with B-beating correction If
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Qy

[-beating correction restores intensity and emittance at high tunes.
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Beam evolution after injection

Field errors (like ones of injection) common in circular accelerators: perturb
machine properties.

Injection effects take only 1% of PSB time (5/530 milliseconds)!

In “longer” beam storage, space charge effects become important!

Second fundamental task: maintaining beam properties throughout full PSB cycle. J
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Resonances

Magnetic field errors seen periodically by the beam turn-by-turn.
 |f betatron tune Q close to excited resonance— resonant motion.

Tune Diagram
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Resonances

Motion near resonance is perturbed and can become unstable.

Far from resonance: Near resonance: On resonance:
stable perturbed unstable

5 = 5
© © ©
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Space charge

Space charge induces non-linear force that

Defocusing induces an

Space charge drives

particles to resonances:

beam degradation.
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Beam degradation due to space charge

In bunched beams, the maximum tune spread depends on the local line density.

* large line density: larger tune spread
e smaller line density: smaller tune spread
* near the tail of the bunch, the tune spread is very small

4.55 A

c 4.50 -

S S

S 4.45 1
4.40 -

s (m) 420 425 4.30
Qx
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Beam degradation due to space charge

Particles oscillate also in longitudinal plane (synchrotron oscillations).

Local line density of a particle changes - tune modulation.

4551
= 4.50 1
E >
S S
> 4.45
4.401
s (m) 420 4.25 4.30

Qx

Tune modulation leads to periodic resonance crossing: particles drift outwards.
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Beam degradation due to space charge

Low amplitude particles (beam core) High amplitude particles (beam
interact with the resonance: tails) interact with the
emittance growth resonance: losses
4.65 4.65
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S 4.50 oS 4.50
4.45 4,45
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Optimizations along PSB cycle

Correct injection
perturbations

(N

Dynamically correct
induced [-beating.
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Optimizations along PSB cycle

Correct injection
perturbations

|

Dynamically correct
induced [-beating.
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degradation due to space

\

Minimize beam

charge

J

Adjust tunes evolution
Correct resonances (similar

mechanisms that control (-
beating)
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Experimental results
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Brightness increase beyond LIU targets!
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Pushing the limit of PSB

So far: PSB optimized for operation with maximum brightness performance.

Now: explore limits of PSB by injecting above half-integer resonance.

45 el 20, = 9
AV “3(- S 7|\ Y
4.41 Y ¥R
Needs understanding of half-integer M TINCA I
resonance effects in combination with S I
4.2 |
space charge. ' e
414, 3 2 /
4.0 ‘ -y —
4.0 43 44
Qx

Third fundamental task: study space charge effects near the half-
integer resonance.
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Half-integer resonance

Why half-integer resonance:

1. Present in all circular accelerators

Strong and difficult to control

3. Bottleneck for most strong space charge machines
(including PSB)

N

What was achieved in PSB:

1. Excellent compensation
using improved techniques
2. Controlled excitation
by deliberately degrading compensation

3. Experimental measurement
by characterizing unstable region
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mplicated phase space structures

charge) create more co

Non-linear phase space topologies

arities (like space

Non
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Experimental results

Adiabatic transition from linear to non-linear phase space.

Q, =4.5081

.

Profile density [a.u.]

Profile density [a.u.]

455 454 453 452

Measurement of trapping in half-integer resonance due to space charge!
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Experimental results

Controlling the phase space distribution by means of resonance excitation.

Beam profile measurement

Rotation of resonance excitation

Phase space rotation

51 1 \ - - Sy
-]
~ S
< v
~ T |

s 2| =
S =

3 =
-5 1 <(:

-5 5 =10 0 10
51'315 (A) y [mm]
[ Characterization of space charge effects near half-integer resonance. ]
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Benchmarking simulation models

Beam losses vs. space charge when crossing half-integer resonance.

100 * T ey —— Simulation
X = ++ + Measurement
T +F
@ 50 L
< i
0L | . | | |
0 2 4 6 8 10

dQ;5C (1072)

Excellent agreement of measurements and tracking simulations.
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Beam brightness

The understanding & minimization of unwanted half-integer effects lead to the:

-

. 2.0 ——- LU target #_..:"'
3 % Below half-integer el
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E ‘__‘J‘:. .f.
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w o
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50 40
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W 0.5
150 200 250 300 350
Intensity [101° p *]
Feasibility of half-integer crossing with beyond LIU brightness! J

BE Seminar 07/07/23 tirsi.prebibaj@cern.ch



Overview

Introduction
Part I: injecting beam from Linac4
Part Il: maintaining beam properties in PSB

Part Ill: pushing the limits of PSB

Conclusions



Conclusions

PSB received upgrades within LIU to improve brightness performance.

Injection perturbations identified, measured and corrected and beam parameters optimized in PSB:
Contributed to beam brightness increase beyond LIU targets.

Space charge effects near half-integer resonance characterized experimentally for the first time:
Improved understanding and modelling of beam dynamics.

Optimized high-brightness beam performance and explored
accelerator’s capabilities.
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Longitudinal motion

= Realistic beams are not exactly monoenergetic: they have energy (momentum) spread AE (Ap).

= Different sets of longitudinal variables are CoaStmg Bunched
used: Beam
(z,AE), (¢,AE), (p,0p), .. e e T rn LimpaT T e S
= Beams can be bunched or unbunched Ap A Ap A
(coasting).
= Bunched beams perform synchrotron 5

oscillations in the longitudinal phase
space (energy-phase oscillations).

= Transverse motion can be coupled to the longitudinal motion:
e Dispersion: orbit change with energy spread.
e Chromaticity: tune change with energy spread.
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Toy-model of 1-D resonance crossing

Set tune = 1-turn map + space charge
" kicks (amplitude detuning) +

quadrupolar error (half-

. integer excitation).

= Appearance of stable
resonance islands.

- = The size of the islands
0 > J 1[30_51]5 = depends on the excitation

y amplitude and the detuning
gradient [9].

5.01
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Toy-model of 1-D resonance crossing

= 1-turn map + space charge
kicks (amplitude detuning) +
quadrupolar error (half-
integer excitation).

py [mrad]

= Appearance of stable
resonance islands.

s . . . = The size of the islands
—10 0 10 0 5 10 15 20

10-5 depends on the excitation
y [mm] Iyl ] amplitude and the detuning
5.0 gradient [9].

N
&)

= During the dynamic crossing
of the resonance, the islands
move towards larger
amplitudes.
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Stronger space charge

= When the space charge is very strong and/or the crossing is very slow, the beam seems to get
unstable both in measurements and simulations (beam is fully lost)!

= The exact reasons for this are not yet fully understood, both for measurements and simulations.

= Currently running simulations with other codes (Xsuite, Micromap, ...).

PyOrbit
turn 000001 simulation
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Increasing complexity

Chromaticity induces adittional detuning.

Space charge Chromaticity Space charge + chroma Appearance of multiple islands for different momentum offsets.
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Increasing complexity even more: operational conditions

Beam is accelerated: space charge constantly
changes. Higher order resonances are also
a5 -.--[Zr.:me-'?.l'!r.l:lm‘:_kr:rrg:.- D-]bﬁ'ﬂr. rrochd 45 EI
a4 ,._ .,:,.’ I-'I . a4 ]
o -2 .. '-1. e x .:-.._..-.. ._' .
] r,:} ¥ . I*,- E 3
a2 e o | B 4
ab | AN |
LoE 4'::'. e 00 400 ,E:JE_,,..:&N R R ] I:*I'.v-:‘ £ 00 800
Beam is
. bunched and
Chromaticity cannot be
. goes from
corrected in both planes
o " double
o harmonic to
single
harmonic.
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Half-integer is compensated but
not perfectly (~¥3% losses).
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0 10
Position (mm)

Modelling beam tails

Generalized Gaussian function [5]:

faaia®) =L e, (~px2)
q

Used in the past to model non-Gaussian
profiles in the LHC [6].
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Profile measurement when beam is unstable

WS measurement

Time [ms]
633.0 632.5 632.0 631.5 631.0 630.5 630.0
— Measurement
5
5
w
=]
o
=
IS
<
-20 -10 0 10 20
y [mm]
Time [ms]
633.0 632.5 632.0 631.5 631.0 630.5 630.0
I W’* — Even
— | h —— Odd
3 I
E ;‘*\ f o
3 J \
2 f \
E—
< W Ay
=20 -10 0
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y [mm]
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Amplitude (a.u.)

Amplitude (a.u.)

Simulating the WS in PyOrbit

Time [ms]
72.0 71.5 71.0 70.5 70.0 69.5 69.0
Simulation
-20 -10 0 10 20
y (mm)
Time [ms]
72.0 71.5 71.0 70.5 70.0 69.5 69.0
#“{H fuh‘ —— Even
f o Y odd
IJ \ P ".
A A
f? \ .r> .'\.1
v -.' I*f "\‘_ Py,
_‘,r"‘m M’:ﬁl\ et f’
| __f':‘.“ ., —wf".\‘ — - |
-20 -10 0 10 20
y (mm)
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Effects of chromaticity

100 .
? 75 i
>
wn
o 50 X
Q L e
8 —— O)’,z 0: simulation
- 25 | + QJ’/ = 0: measurement
—— O)’,z — 7: simulation
0 | + O; =~ — 7: measurement
0 2 4 6 8 10 12

dQ;sC [107]

With non-zero chromaticity:
= More losses (the beam loss region increases).

= Beam not unstable for very strong space charge.
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Modeling the Wire Scanner scattering

\

Apply the scattering kicks to the particles of the initial
distribution that are within the wire width slice:

Final distribution: larger beam size because

of the scattering.
lt'; Initial Distribution
— 200 M
3 R
S, 150 apply wire kick ;‘ ': i - Initial Distribution
g ((Ogrums)) v — 200 g;"t Final Distribution
2100 \ 3 A
= H BB — 150 #ls
E 50 A E 13
wire width (d,,) o ‘\‘ — % 100 3' ‘k
0
- 1 - 1 £ 50 L
-20 —-10 0 10 20 © \§
5 y [mm] 0
0 ~20 ~10 0 10 20
3] y [mm]
o«
Track particles for one turn.
1 Note that: simulation model independent of
the beam intensity.
Displace the wire according to R.
PhD defense 2023
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Modeling the Wire Scanner scattering

WS signal is proportional to the number of scattered particles - measured distribution (green) is between the
initial and the final distribution

Initial Distribution
Final Distribution
WS Signal

amplitude [a.u.]
= = N
o on o
o o ()
Qe

o)
o

o

—-20 —-10 0 10 20
y [mm]
Scan from “negative” to “positive” (left to right)

* In the first few turns of the scan, the WS signal coincides with the initial distribution.
* Asthe scan progresses, the particles are being scattered: towards the last turns of the scan, the WS signal

coincides with the final distribution - asymmetric measured profile (WS Signal)
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’

Modelling beam profiles
shape with g-Gaussian

function

Amplitude (a.u.)

-10 -5 0 5 10
Position (mm)
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Shape of the particle distributions

Experimental study on interplay between space charge and resonances
on shape of particle distributions.

q=1.6
1 Overpopulate = — 4.5 bk
' d tails 1.8 r "
1.5 Undesirable! S o 4.4}
T ™~
14 - I
§ S1.6] 43
559 [¥] S
s 2 4.2
i, o
1.1 q= 1 1-4- %\ 4.1 i
' Gaussian ;
10  shape 4.0 = . ] .'
Desirable! 42 45 40 41 42 43 44 45

Qx

Static tune scan
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Applicability of the method with
respect to the:

available instrumentation of the

PSB

hardware and software

infrastructure

technical limitations

PhD defense 2023

Operational implementation

File Help

PSB Ring 3

TGM User

ZERO

MD1
NORMGPS
LHC1A

AD

EAST3
EAST1
EAST2

LSA Context =

EAST N 2021
EAST T8 2021
EAST_T9_2021

Periodic modulation

Ctime Range

tmin(ms) |3 275
tmax (Ms) |3 320
6t (ms) |~ 1.00

Quadrupole Selection

BR.QDE3 v
BR.QDE14

Cycle-by-cycle modulation

K-Modulation Application for the CERN PSB Ring 3

Measurement
Single Cycle Measurement

8k (102m?) | 2|.0.30
| Measure |
Multi Cycle Measurement

Neycles 120

BBQ Settings
Acquisition

acqOffset 0
acgState | * ON| nbOfTurns |1024|%

nbOfMeas 1 acgPeriod 1

Excitation

Send to FESA

Log Console

Bkmin (102m?) |4[_1,20
Bkmax (102 M) [2]1,20

[
| Measure |

Skip cycles |%/g

Datafiles loaded for analysis:
BR.QDE3_2021.07.14-14.59.16.126937_R3.js0n -
BR.QDE3_2021.07.14-14.59.31.725278_R3.json
BR.QDE3_2021.07.14-14.59.52.125228_R3.js0n
BR.QDE3_2021.07.14-15.00.07.735635_R3.json
BR.QDE3_2021.07.14-15.00.28.126068_R3.json
BR.QODE3 2021.07.14-15.00.43.688430 R3.json

BR.QDE3_2021.07.14-15.01.19.726232_R3.json
BR.QDE3_2021.07.14-15.01.40.125541_R3.json
BR.QDE3 2021.07.14-15.01.55.708082_R3.json
BR.QDE3 2021.07.14-15.02.16.130491_R3.json
BR.QDE3 2021.07.14-15.02.31.689426_R3.json
BR.QDE3 2021.07.14-15.02.52.122195_R3.json
BR.QDE3 2021.07.14-15.03.07.712353_R3.json
BR.QDE3_2021.07.14-15.03.28.124215_R3.json
BR.QDE3_2021.07.14-15.03.43.725345_R3.json
BR.QDE3_2021.07.14-15.04.04.122824_R3.json
BR.QDE3_2021.07.14-15.04.19.684576_R3.json
BR.QDE3_2021.07.14-15.04.40.125438_R3.json
BR.QDE3_2021.07.14-15.04.55.726306_R3.json
BR.QDE3_2021.07.14-15.05.16.115116_R3.json

BR.QDE3_2021.07.14-15.05.31.725936_R3.json
BR ANE3I 2021 N7 14.15 N5 52 174750 B3 icnn

Add to list

Remove selected Remave All

Injection chicane correction

Beta Summary

B (m}

Automatic beta fit control

Tune evolution

Tune Summary

Measured/

Plane  Model QH, QV
vV - ||7|440;|a45

Intensity | BR.QDE3

C-times to plot

288 -

289 2,00~ 8100 0600 |~| | Non-linear fit
v 280 - stadetl. -5.000|%| |5.000 3
BR.QDE14

0.43
.12 -1 08 -06 04 -02 0 02 04 06 08 1 12
6k (102 m?)
1 3 |
1 e S S i
16 o *
-
-
e
15 .
L
14 rf
P
z o
i
13
y model
12
//I’
11 7
2’,/
[ 4
1n
4 275 276 277 278 279 280 281 2t
CTime (ms)

2022-01-19 13:55:40,058 - root - INFO - Model optics calculated for all ctimes. Plotting measured data...

Ready.
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Qutput directory: Juser/psbop/ABP_studies/2020-2021-BC/LirsiyRUn3MUs/KModApp/

Analysis

V| z-score  min/max Q/dk cutoff

Fit summary

275.0 ms
Beta = 10.8888 (0.1585)
Qy = 0.4607 (0.0001)
276.0 ms

Beta = 13.2717 (0.1086)
Qy = 0.4534 (0.0001)
277.0 ms

Beta = 13.6694 (0.1313)
Qy = 0.4484 (0.0001)
278.0 ms

Beta = 16.8164 (0.1140)
Qy = 0.4440 (0.0001)
279.0 ms

Beta = 17.0103 (0.1365)
Qy = 0.4417 (0.0001)
280.0 ms

Beta = 15.7148 (0.1265)
Qy = 0.4405 (0.0001)
281.0 ms

Beta = 16.6517 (0.1404)
Qy = 0.4387 (0.0001)
282.0 ms

Beta = 17.3928 (0.1555)
Qy = 0.4388 (0.0001)
283.0 ms

Beta = 16.2051 (0.1399)
Qy = 0.4392 (0.0001)

284.0 ms
Beta = 16.3597 (0.1529)
Qy = 0.4389 (0.0001)



Half-integer resonance compensation and excitation

Resonance compensation: 4 B .

*  Experimentally, using orthogonal quadrupole 45 \ 1.8 . ® o °
correctors. _ . o o ¢

*  Traditional techniques rely on crossing the S 447 *g Lo 8 ¢
resonance and monitoring the beam losses. &4

. Imfroved tech:i::ueshwere 1fcound tlhat relybon the 431 o o® o0 3 o
deformation of the shape of particle distribution ; i ; : - : 1.2 ®
(more sensitive!). ' ' 300 400 500 600 700 800 -3.647%34 -32 -3.0 -28 -2.6 [§2.4

Time (ms) QNO816 [A]

Resonance controlled excitation:

* Interms of deliberately degrading the compensation
scheme.

) S
5 5
¥} ¥}
- -
S S
= =
o o
£ £
< <

Resonance width measurement:

- . -5 0 : -5 0
*  Finding methods to experimentally measure how y position [mm] y position [mm]
large is the unstable region of the resonance.
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Universal scalling diagrams

Systematic scans on the half-integer dynamic
crossing:

e Transmission: fraction of particles that survive
the crossing

*  §Q;“: maximum space charge tune spread

* 6Q/turn: vertical tune change over one turn
(“crossing speed”).
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1.0

0.8
S //L —m— 6Q/tum = 2.0e-06
n 0.6 6Q/tum = 4.0e-06
I= 6Q/turn = 8.0e-06
C 0.4 6Q/tum = 2.0e-05
|"_"E —=— 6Q/tum = 4.0e-05

0.2

0.0 S

0 2 3 4 5 6 7

tirsi.prebibaj@cern.ch

6Q;¢ at injection (1072)
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